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ABSTRACT: NOAA’s Hurricane Analysis and Forecast System (HAFS) is an evolving FV3-based hurricane modeling
system that is expected to replace the operational hurricane models at the National Weather Service. Supported by the
Hurricane Forecast Improvement Program (HFIP), global-nested and regional versions of HAFS were run in real time in
2019 to create the first baseline for the HAFS advancement. In this study, forecasts from the global-nested configuration of
HAFS (HAFS-globalnest) are evaluated and compared with other operational and experimental models. The forecasts by
HAFS-globalnest covered the period from July through October during the 2019 hurricane season. Tropical cyclone (TC)
track, intensity, and structure forecast verifications are examined. HAFS-globalnest showed track skill superior to
several operational hurricane models and comparable intensity and structure skill, although the skill in predicting
rapid intensification was slightly inferior to the operational model skill. HAFS-globalnest correctly predicted that
Hurricane Dorian would slow and turn north in the Bahamas and also correctly predicted structural features in other
TCssuch as asting jet in Hurricane Humberto during extratropical transition. Humberto was also a case where HAFS-
globalnest had better track forecasts than a regional version of HAFS (HAFS-SAR) due to a better representation of
the large-scale flow. These examples and others are examined through comparisons with airborne tail Doppler radar
from the NOAA WP-3D to provide a more detailed evaluation of TC structure prediction. The results from this real-
time experiment motivate several future model improvements, and highlight the promise of HAFS-globalnest for
improved TC prediction.
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1. Introduction National Centers for Environmental Prediction (NCEP) op-
erational global model for high-resolution hindcasts of several
tropical cyclones (TCs) that were also sampled by NOAA WP-
3D (P-3) flights, and compared the forecast model structure
with the P-3 radar data. That study highlighted the capability
for skillful prediction of TC structure with such a modeling
system and demonstrated the utility of airborne observations
for model evaluation. Building off of these findings, a config-
uration of fvGFS with a 3-km nested domain covering most of
the North Atlantic was used to perform real-time forecasts
during the 2017 Atlantic hurricane season. This included many
high-impact TCs like Harvey, Irma, Maria, and Nate, all of
which made landfall in the United States or its territories.
Nested fvGFS had comparable track and intensity skill to op-
erational models for this sample, and the 3-km nest also
demonstrated improvement over a lower-resolution (13 km)
globally uniform fvGFS. These results are summarized in
Hazelton et al. (2018b). Further demonstrating the value of
FV3-based TC forecasts, the globally uniform (no nested
domain) configuration of fvGFS was tested with European
Centre for Medium-Range Weather Forecasts (ECMWF)
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The Hurricane Analysis and Forecast System (HAFS), a
component of the Unified Forecast System (NOAA 2020)
is a novel hurricane modeling system being developed col-
laboratively within the National Oceanic and Atmospheric
Administration (NOAA) and with academic partners, un-
der the guidance of the Hurricane Forecast Improvement
Program (HFIP, http://www.hfip.org). It has a fully compress-
ible nonhydrostatic dynamical core coupled with multiple
physics suites. The current dynamic core and nesting capability
with the finite volume solver (shortened to FV3 hereafter) on
the cubed sphere is summarized in a series of publications (e.g.,
Lin and Rood 1996; Lin 1997; Lin and Rood 1997; Putman and
Lin 2007; Harris and Lin 2013).

A few recent studies have begun to demonstrate the utility
of nested FV3-based modeling systems for TC prediction.
Hazelton et al. (2018a) used a 2-km stretched and nested
configuration of the Geophysical Fluid Dynamics Laboratory
(GFDL) fvGFS, FV3 dynamic core with the physics from the
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(GFS) and ECMWF models (Chen et al. 2019) for a set of TC
tracks. Based on these promising early results of a global-
nested hurricane prediction system using fvGFS, real-time
forecasts were performed using a prototype version of HAFS
during the 2019 Atlantic hurricane season.

One of the motivations for the model configuration de-
scribed in the next section is the fact that the synoptic envi-
ronment around a TC is critical to aspects of its evolution, and
so predicting this environment (and the TC-environment in-
teraction) correctly is critical. For example, Aberson (2010)
showed how GFS forecasts were improved by synoptic sur-
veillance flights using high-altitude aircraft and dropsondes in
the Atlantic Basin. Aberson (2011) found similar improve-
ments to TC track forecasts in both the Atlantic and west
Pacific when assimilating data from dropsondes into the op-
erational Global Forecast System (GFS). Other studies have
demonstrated the importance of remote tropical cyclones to
modifying the environment and affecting the track of other
TCs. For example, Alaka et al. (2017) showed that the Basin-
Scale Hurricane Weather Research and Forecasting (HWRF)
Model, which has a much larger outer domain than the oper-
ational HWRF, improved the forecasts of TC track relative to
operational HWRF when two or more other TCs were located
far away in the same domain. Finally, tropical cyclones can also
have significant impact on global circulation patterns, making
proper representation of the TC-environment interaction of
paramount importance. As an example, Archambault et al.
(2013) showed how recurving typhoons in the Western North
Pacific significantly amplified the extratropical flow in the area,
and that this amplification propagated downstream. It is clear
from these studies that having an accurate representation of
the large-scale environment, and representing the details of TC
interaction through a large static nest, are important for
prediction.

The model configuration described next provides a frame-
work for analysis and prediction that represents small-scale
processes as well as the synoptic processes discussed above.
The rest of the paper is organized as follows: section 2 describes
the model setup, section 3 presents results including composite
statistics as well as exploration of a few case studies, section 4
summarizes the findings, and section 5 discusses opportunities
for future work.

2. Model configuration and data
a. Model configuration

The HAFS configuration described in this study is based
on global-nested FV3 demonstrated in Harris and Lin
(2013). This configuration enables two-way feedback be-
tween the global and static nested domains, with the global
and nested domains running concurrently This allows for
the analysis of the impact of two-way feedback on TC and
environmental prediction. It is called HAFS-globalnest for
the rest of the paper. It is different from the stand-alone-
regional configuration of HAFS (called HAFS-SAR, Dong
et al. 2020) which features a static regional nest that gets
initial and boundary conditions (one-way feedback) from
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FIG. 1. (a) The global layout of the six tiles forming the cubed
sphere domain of HAFS-globalnest. The 3-km static nest is
shown in the red dashed lines. (b) A zoomed-in view of the
Atlantic tile and 3-km nest. (c¢) The Atlantic domain of HAFS-
globalnest (red), HAFS-SAR (blue), with the “box’’ used for
later analysis of errors near and away from the domain edge shown
in black. The pink dots show 12-h HAFS-globalnest forecasts.

the operational GFS. HAFS-globalnest is a bit more com-
putationally expensive than HAFS-SAR (121 core-hours
per forecast hour versus 85 core-hours per forecast hour
based on last year’s test), as expected because HAFS-
globalnest runs a global and nested forecast concurrently.
For this season, HAFS-globalnest was initialized directly by
the 13-km operational GFS analysis, i.e., a “cold start.”
Development of a high-quality data assimilation system is
an ongoing effort. HAFS-globalnest uses 64 vertical levels
on both the global and nested domains.
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TABLE 1. Configurations of HAFS-globalnest and the other operational and experimental models it is compared with.

Boundary  Finest grid Dynamic
Model Domain conditions spacing PBL physics Microphysics  ocean (Y/N)
GFS Global — 13 km EDMF GFDL N
HAFS-globalnest ~ Global with Atlantic static nest — 3km Modified EDMF  GFDL N
HAFS-SAR Atlantic static nest GFS 3km Modified EDMF  GFDL N
HWRF Storm-following nest GFS 1.5km Modified EDMF  Ferrier-Aligo Y
HMON Storm-following nest GFS 2km Modified EDMF  Ferrier-Aligo Y

In this version of HAFS-globalnest, the global six tiles (at
~12-13-km horizontal grid spacing) making up the cubed-
sphere grid are arranged such that one of six tiles is centered
over the North Atlantic. Inside of this tile is a 3-km horizontal
resolution nest, as shown in Fig. 1. This nest size covers the
entire North Atlantic from western Africa to North America,
although it is shifted slightly west compared to the nest used in
Hazelton et al. (2018b) for the 2017 forecasts. The domain of
HAFS-SAR is also shown (Fig. 1c), along with a “box” at the
center of the HAFS-globalnest domain that is used for analysis
of errors near and away from the domain edges in a later section.

b. Physics

HAFS-globalnest uses many of the same model physics
schemes that are used in the operational GFS. The con-
vective parameterization is the scale-aware scheme used in
both the operational GFS and HWRF Models (Han et al.
2017). This scheme was turned on for the global domain, but
was turned off for the nest to let the model explicitly resolve
convection. This is a difference from the GFDL fvGFS
configuration described in Hazelton et al. (2018b), and was
based on earlier tests that showed turning the convective
scheme off reduced track error, as well as a desire to have a
baseline for later versions of HAFS that will have higher
horizontal resolution where a cumulus parameterization is
even less necessary. HAFS-globalnest uses the GFS hybrid
eddy-diffusivity mass-flux (EDMF) planetary boundary
layer (PBL) scheme (Han et al. 2016), with height-dependent
modifications to the eddy diffusivity as described in Wang
et al. (2018). The radiation scheme is the Rapid Radiative
Transfer Model for global climate models (GCMs) (RRTMG;
Tacono et al. 2008). For microphysics, HAFS-globalnest
uses the GFDL 6-class single-moment microphysics scheme
(e.g., Chen and Lin 2013). The surface drag is also similar to
that used in the HWRF, which is based off of the GFDL
surface layer scheme (Bender et al. 2007). There is no ocean
coupling in this version of HAFS, although that capability
is in development. For the cases shown here, HAFS-SAR
also used the same physics configuration as the nested
domain of HAFS-globalnest. Table 1 summarizes the model
configuration (including physics) of HAFS-globalnest and
the other operational and experimental models examined
in this study.

c. Forecast period

HAFS-globalnest was run four times daily (0000, 0600,
1200, and 1800 UTC) from 5 July 2019 to 1 November 2019.
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The forecasts were run out to 168 h, to analyze the skill of
the model both in the traditional 5-day forecast window as
well as an extended 7-day window (in contrast, HAFS-SAR
was only run out to 126 h). TCs were tracked using the
Marchok tracker (Marchok 2002). Note that current oper-
ational regional hurricane models integrate only to 5 days,
whereas operational global models typically integrate be-
yond 7 days. As seen below, not all TC forecasts actually
extend out to 168 h, because there were many short-lived
TCs during the 2019 season.

d. Observational data

TC track, maximum wind, and wind radii from model
forecasts are verified against the working ‘‘best track’ data
from the National Hurricane Center (Landsea and Franklin
2013). The verifications shown below only include times
when the TC was tracked in the model and was also classified
as a TC (at least a tropical depression) in the best track data.
To explore more complete structural evaluations and take
advantage of the wealth of observational data collected in
several of the 2019 TCs, the model data are also compared in
several case studies with tail Doppler radar data from the
NOAA P-3 flights. This radar data are collected in the TC
inner core (e.g., within 150 km of the TC center), and the
wind data are derived using the method of Gamache et al.
(2004). The merged analysis, calculated by averaging the
radar data from a flight over several flight legs (e.g., Rogers
et al. 2013a, Reasor et al. 2013, DeHart et al. 2014), is used
for the radar comparisons in this study. Similar data for past
TCs was used in a quantitative and qualitative comparison
of TC structure from high-resolution nested FV3 and P-3
radar data in Hazelton et al. (2018a).

3. Results
a. Verification statistics

Figure 2 shows the track forecast errors for HAFS-
globalnest as well as HAFS-SAR and other GFS-based
guidance [operational GFS, HWRF, and the Hurricanes
in a Multiscale Ocean-coupled Nonhydrostatic (HMON)
model]. While the global domain of HAFS-globalnest is
very similar to the operational GFS in terms of model
configuration, the nested domain is configured very differently
from HWRF and HMON. The static HAFS nest is much
larger than the moving nests of HWRF and HMON, but
the horizontal resolution is coarser (~3 km in HAFS, 2km
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FIG. 2. (a) Mean track errors (n mi) out to 120h for HAFS-
globalnest (red), HAFS-SAR (light blue), HWRF (purple), GFS
(blue), and HMON (green). The error bars show the standard er-
ror. (b) As in (a), but only for along-track errors. (c) As in (a), but
only for cross-track errors.

in HMON, 1.5km in HWRF) and there are also some
differences in vertical resolution and physics that should
be kept in mind when comparing these models. The mean
errors (with 95% confidence interval) are shown in Fig. 2a,
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FIG. 3. (a) Mean intensity errors (kt) out to 120 h for HAFS-
globalnest (red), HAFS-SAR (light blue), HWRF (purple), GFS
(blue), and HMON (green). The error bars show the standard er-
ror. (b) As in (a), but for intensity bias.

with the along-track and cross-track errors shown in
Figs. 2b and 2c. Both configurations of HAFS consistently
had the lowest errors of the GFS-based track models out
through day 5, with HAFS-globalnest showing slightly lower
errors than HAFS-SAR at day 5. Breaking down the errors,
the biggest differences between HAFS-globalnest/HAFS-SAR
and the other models seemed to be in the cross-track errors,
which were noticeably smaller at days 2-5. Some of the indi-
vidual case studies examined later will look at some of these
tracks in more detail.

Looking at the intensity errors and bias (Fig. 3), HAFS-
globalnest and HAFS-SAR have very similar bias, and both
have large initial errors (a weak negative bias). This is not
surprising, as both HAFS-globalnest and HAFS-SAR use
the same coarse initialization from the GFS analysis (im-
proving vortex-scale initialization is a subject of ongoing
work). However, the errors show that the model “‘spins up”’
within about 12h and has errors that are generally com-
parable to HMON and HWRF by days 4-5, although
HWREF is slightly better at days 1-2. The almost immediate
improvement in intensity forecasts compared to the global
model highlights the ability of high-resolution FV3 within
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the 3-km nest to spin up a TC despite a coarse initialization,
and demonstrates the value of the high-resolution nest and
TC-specific physics. HAFS-globalnest improves on both
the track and intensity prediction of a global-only config-
uration of FV3 (the operational GFS). In terms of intensity
bias, HAFS-globalnest has a general weak bias at early
leads, similar to HWRF and HMON. While those models’
weak bias increases with lead time, the HAFS-globalnest
weak bias decreases by later forecast hours. Some of this
difference is likely due to the lack of ocean coupling in this
version of HAFS, which may be offsetting some of the low
bias caused by missed RI events (discussed later). Overall,
these results are encouraging for the ability of the model to
predict the basic metrics generally used to operationally
assess TC forecast skill.

To further examine the model forecast skill of TC
structure compared to operational models, the wind radii
[34, 50, and 64kt (1 kt ~0.51 ms~')] are examined next, for
HAFS-globalnest, HAFS-SAR, and the operational guid-
ance (Fig. 4). Cangialosi and Landsea (2016) documented
some of the forecast performance for these metrics from
global models, and it is useful to examine the forecast
structure of TCs despite observational uncertainties. For
50-kt (R50) and 64-kt (R64) radii, the models are all gen-
erally similar, and HAFS-globalnest generally has little
bias in R64 at longer lead times. The biggest difference,
however, is that HAFS-globalnest has too large of a 34-kt
wind radius (R34) at all lead times after spinup (12h), in
contrast to the slight low bias in all of the other models. This
means that HAFS-globalnest produces a larger outer TC
wind field than the other models, especially for weaker
storms. Despite being initialized from the GFS initial con-
ditions and using the same dynamic core, HAFS-globalnest
diverges almost immediately from the GFS R34 forecast. The
advection scheme may play a role, as the current version of
HAFS uses a more diffusive advection scheme than GFS. The
surface physics could also be worth evaluating, although
HAFS-globalnest used a very similar configuration to the op-
erational HWREF, with drag coefficient decreasing and leveling
off at high wind speeds, yet these two models were different in
their R34 evolution. Thus, the role of PBL physics, micro-
physics, and model dynamics in this structural bias is worthy of
further exploration.

The 5-day verification statistics were presented earlier
in comparison with other experimental and operational
models. However, since the HAFS-globalnest forecasts
were run out to 7 days, it is worthwhile to compare the
forecasts with a global-only forecast, specifically the op-
erational GFS, as well as two other models [the Met Office
(UKMO) and European Centre for Medium-Range Weather
Forecasting (ECWMF) models] out to day 6 (Fig. 5). It
should be noted that the UKMO and ECMWF forecasts
were only run twice daily, so the homogeneous sample for
this comparison is smaller than the comparison between
GFS and HAFS-globalnest only. The improvement in track
forecasts from HAFS-globalnest persists to about day 5.5,
with the GFS performing better at day 7. UKMO and
ECMWF perform somewhat better than both GFS and
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FIG. 4. (a) Mean radius of 34-kt winds bias out to 120h for
HAFS-globalnest (red), HAFS-SAR (light blue), HWRF (purple),
GFS (blue), and HMON (green). (b) As in (a), but for 50-kt winds.
(c) As in (a), but for 64-kt winds.

HAFS-globalnest at day 6. The sample size is much lower at
days 6-7, which makes interpretation of the results difficult,
but the results suggest that further work is needed to
evaluate and improve the HAFS-globalnest representation
of synoptic features driving TC track. For example, it is im-
portant for future work to assess whether the large-scale flow
forecasts themselves are skillful compared to the operational
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FIG. 5. (a) The 0-7-day track forecast errors (n mi) from HAFS-globalnest (red) and operational GFS (blue). The
error bars show the standard error. (b) As in (a), but only to 6 days and also including operational ECMWF and
UKMO. (c) The 0-7-day intensity forecast errors (kt) from HAFS-globalnest (red) and operational GFS (blue).
The error bars show the standard error. (d) Asin (c), but only to 6 days and also including operational ECMWF and
UKMO. (e) The 0-7-day intensity bias (kt) from HAFS-globalnest (red) and operational GFS (blue). (f) Asin (e),
but only to 6 days and also including operational ECMWF and UKMO.

GFS. The intensity forecasts from HAFS-globalnest, however,
demonstrate the value of the high-resolution nest. While
GFS had increasing errors all the way out to day 7 due to an
increasing negative bias (again, subject to the uncertainties
associated with a small sample), the intensity errors for
HAFS-globalnest seemed to saturate around day 4, with a
relatively small bias throughout. ECMWF and UKMO had
somewhat lower overall intensity error than GFS, but still
had a pronounced negative bias increasing with lead time.
The skill of HAFS-globalnest relative to GFS kept in-
creasing with increasing lead, showing how important high-
resolution TC structure (and the possible improvement of

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 03/24/21 04:48 PM UTC

physics parameterizations at higher resolution) is to in-
tensity forecasts.

One of the biggest goals of HFIP (Gall et al. 2013) is to
improve forecasts of rapid intensification (RI), which is de-
fined typically as a 30-kt increase in maximum sustained wind
speed in 24 h (Kaplan and DeMaria 2003). Performance di-
agrams (Roebber 2009) illustrate the skill for RI forecasts
from HAFS-globalnest and the operational HWRF and
HMON (Fig. 6) for this 30kt (24 h) "' threshold as well as a
slightly stronger threshold [35 kt (24 h) '] and slightly lower
threshold [25kt (24h)™!], both of which are described in
Kaplan et al. (2010). The operational GFS was not included
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FIG. 6. (a) Performance diagram showing success ratio (1 — false alarm ratio) vs probability of detection for 25kt (24h) ™! rapid
intensification for HAFS-globalnest (red), HWRF (blue), and HMON (green). Black solid lines are contours of critical success index, and
gray dashed lines are contours of bias. The total number of 24-h periods during which RI was observed is listed in bold. (b) As in (a), but for

30kt (24h)"L. (¢) As in (a), but for 35kt (24h) .

in order to have a more realistic comparison of high-
resolution nested model RI forecast performance. These
performance diagrams are based on several metrics de-
scribed in Roebber (2009) from a 2 X 2 contingency table
including false alarm ratio (FAR), probability of detection
(POD), and critical success index (CSI). These are summa-
rized in Table 2. To improve sample size for evaluation, all
forecast periods were evaluated together. In the perfor-
mance diagrams, RI forecast skill improves as you go up
(improved probability of detection) and to the right (reduced
false alarm ratio). For all three definitions, HAFS-globalnest
has worse overall performance with RI prediction than
HWRF and HMON. The difference in performance is small
for the 25kt (24 h) ! definition, but increases with increasing
RI magnitude. This comparison is perhaps slightly inconsis-
tent, given the 3-km resolution compared to 1.5km for the
current HWRF and 2 km for HMON (and some differences
in vertical resolution as well). The degree to which resolu-
tion and model physics improve RI prediction in HAFS-
globalnest is a subject of ongoing research. It should also be
noted that for all three models shown, the success ratio (1 —
FAR) was higher than the POD, indicating that missed
events were a bigger issue than false alarms for this year’s
TCs. In the case of Hurricane Dorian, the track forecasts
likely played a role in the missed RI forecasts (e.g., Emanuel
and Zhang 2016), as will be discussed later. The effects of
vertical wind shear also tend to make RI prediction difficult,
because of the importance of correctly capturing inner-core
details (e.g., Zhang and Rogers 2019). This affected the
forecasts for other storms in 2019 such as Hurricane Jerry
and Hurricane Humberto.

A key question motivated by the 2019 real-time experiments
was the difference in performance between HAFS-globalnest
and HAFS-SAR. As mentioned previously, the main differ-
ence between the two configurations is that HAFS-globalnest
has a global 13-km FV3 running concurrently in two-way
feedback with the 3-km nested domain, while HAFS-SAR
solely has the 3-km nest running, with one-way feedback
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providing boundary conditions from the operational GFS
(also at 13km). Given the increased computational re-
quirements needed to concurrently run a global model with
the nest, it is important to assess the difference in skill.
Overall, as discussed above, both models had similar per-
formance for track, intensity, and structure prediction.
However, as discussed later, there were some noteworthy
cases where differences were seen. To explore how the dif-
ferent boundary conditions may have impacted the track
forecasts, track errors were calculated inside and outside a
region (or ‘‘box”’) at the center of the domain, away from the
boundary where feedback between the nest and boundary
conditions would occur. This box covers approximately 15°-
32°N and 35°-85°W. For the ““inside the box” cases, which form
the majority of the dataset, both configurations of HAFS are very
similar in terms of track error (Fig. 7), and perform better than
the operational GFS. However, for the smaller set of cases

TABLE 2. Description of the metrics used to calculate performance
diagrams for rapid intensification (based on Roebber 2009).

Metric Definition Abbreviation
Hit RI was forecast, and h
occurred
False alarm RI was forecast, but did f
not occur
Miss RI was not forecast, but m
occurred
Correct null RI was not forecast, and n
did not occur
Probability of detection h POD
h+m
False alarm ratio f FAR
f+h
Critical success index h CSI
h+f+m
Success ratio 1 — FAR SR
Bias POD
"SR
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FIG. 7. (a) Track forecast errors (n mi) for HAFS-globalnest (red),
HAFS-SAR (green), and operational GFS (blue) for the cases within
the box at the center of the nested domain. (b) As in (a), but for the
cases outside the box at the center of the nested domain.

“outside the box,” the results are different. Through 72 h, both
configurations of HAFS are very similar and better than GFS.
However, at longer leads, GFS is actually better, and the two
configurations of HAFS diverge, with HAFS-globalnest

TABLE 3. Fraction of HAFS-globalnest cases that predicted TC
genesis (defined as 12 consecutive forecast hours at an intensity of
35+ kt) for 10 nondeveloping invests.

Storm ID Genesis predicted
AL932019a 0/11
AL952019a 0/6
AL962019a 8/11
AL902019b 0/1
AL922019b 913
AL942019b 0/15
AL962019b 072
AL912019¢ 4/4
AL922019¢c 212
AL952019¢ 3/3
Total 26/67
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FIG. 8. (a) Mean track errors (n mi) for Humberto out to 120 h
for HAFS-globalnest (red), HAFS-SAR (light blue), HWRF
(purple), GFS (blue), and HMON (green). The error bars show the
standard error. (b) As in (a), but only for along-track errors. (c) As
in (a), but only for cross-track errors.

having lower track errors. An example of a case where the
track errors for HAFS-globalnest were lower than for HAFS-
SAR in this region near the nest boundaries is examined in
the case study of Hurricane Humberto in section 3b(1), and
illustrates a case where the midlatitude westerly flow near the
northern edge of the nest appeared to be better predicted in
HAFS-globalnest.

One other key question in these composite results was
whether or not the large high-resolution nest spuriously
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FIG. 9. (a) (left)The 750-hPa reflectivity (shaded) and wind (kt) from the HAFS-globalnest forecast initialized at 1200 UTC 13 Sep 2019
for Humberto, 60 h. (right) The 750-hPa wind (shaded; kt), with 750-hPa streamlines (black) and 450-hPa streamlines (gray) overlaid. The
shear vector is shown in blue in both images. (b) The 850-200-hPa vertical shear (kt) from the 60-h HAFS forecast initialized at 1200 UTC
13 Sep 2019. (c) As in (a), but for the forecast initialized at 1800 UTC 13 Sep 2019, 54 h. (d) As in (b), but for the forecast initialized at
1800 UTC 13 Sep 2019, 54 h. (e) (left) NOAA P-3 observed 2-km reflectivity (shaded) and wind (kt). (right) NOAA P-3 observed 2-km
wind (shaded; kt), with 2-km streamlines (black) and 5-km streamlines (gray) overlaid. The shear vector is shown in blue (green for the
observed) on the right. (f) Analyzed 850-200-hPa shear (kt) at 0000 UTC 16 Sep 2019.

developed TCs that did not develop in the real world. To help
answer this question, the HAFS-globalnest forecasts from 10
different ““invests” (areas of interest, numbered 90-99, marked
by the National Hurricane Center, which may or may not later
be classified as TCs) that did not become TCs were examined,
to see how many HAFS forecasts showed these developing into
TCs. For the purposes of this study, the invest was defined as a
TC in the model if the intensity from the Marchok tracker
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was 35kt or more for 12 h (four consecutive forecast points,
output every 3 h). The results are shown in Table 3. For five
of the systems, none of the HAFS-globalnest forecasts
showed development into a TC (correctly). For the other
five systems, HAFS-globalnest did incorrectly show TC
genesis for a majority of the forecasts. Overall, however,
only 26 of 67 forecasts for these nondeveloping invests
showed TC formation. The continued evaluation of TC



528 WEATHER AND FORECASTING VOLUME 36
a) _ HaAFs 120h b) HAFS 096h c) HAFS 072h

- an o e W

HAFS 048h

Nurrucame Amalysis -'l_l--n‘w’d"- Von

HAFS 024h

B it g e

uw - on - “a wm

GFS 072h

o vty MSLF ol ey

The s

e - - wn

) __Anal_ysis

-~ = - E

F1G. 10. (a) The 850-hPa wind for Humberto valid at 1200 UTC 12 Sep 2019, from a 120-h forecast from HAFS-globalnest. (b) As in (a), but
from a 96-h forecast. (¢) Asin (a), but from a 72-h forecast. (d) As in (a), but from a 48-h forecast. (¢) Asin (a), but from a 72-h forecast. (f) Asin
(c), but for the operational GFS. (g) Asin (d), but for the operational GFS. (h) Asin (e), but for the operational GFS. (i) Analyzed 850-hPa wind.

genesis skill will be an important aspect of analyzing HAFS-
globalnest in further development.

b. Case studies

1) HURRICANE HUMBERTO

Hurricane Humberto was one of three major hurricanes to
form in the North Atlantic Basin during the 2019 season. It
formed east of Florida, and drifted north parallel to the coast
before accelerating northeast, impacting Bermuda as it did so.
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HAFS-globalnest initially had a left-of-observed track bias,
showing a weak vortex heading into the Florida Peninsula. Asa
result, there was also a very pronounced weak bias in the early
forecasts. After these first few incorrect forecasts, however,
HAFS-globalnest correctly showed the slow north motion,
followed by acceleration to the northeast. As a result, the in-
tensity forecasts also improved, with many cycles correctly
showing intensification into a major hurricane. The later track
forecasts were generally correct (HAFS-globalnest had lower
day-5 track errors (Fig. 8) for Humberto than GFS, HWREF,
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Fi1G. 11. (a) The 700-400-hPa average relative humidity (%) from HAFS-globalnest initialized 1200 UTC 16 Sep 2019 for Humberto,
valid at 1200 UTC 19 Sep 2019. (b) As in (a), but for composite reflectivity (dBZ). (c) Asin (a), but for 850-hPa wind (kt). (d) Along-shear
cross section of radial wind (ms™ ') for the same valid time. (e) Along-shear cross section of relative humidity (%) for the same valid time.

and HAFS-SAR), although a few cycles showed too much in- In addition to the early uncertainties due to track, there were
teraction with a trough, leading to an incorrect forecast of a some uncertainties in the forecast structure and intensity of
turn back toward the northwest. This will be examined in Humberto due to the relative roles of shear and the vortex
more detail. structure. Figure 9 shows two forecasts, 1200 UTC 13 September

a) jlobalnest Initialized 3161, b) Sounding Initialized 2019091612 072h
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FIG. 12. (a) HAFS-globalnest initialized 1200 UTC 16 Sep 2019 72-h forecast 850-hPa vertical velocity (ms™'; shaded)
and 925-hPa wind (kt; contours). The star represents the location of the sounding. (b) Sounding from the HAFS-globalnest
forecast. The blue line shows the dewpoint and the red line shows the temperature. The wind barbs are on the right side.
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F1G. 13. (a) The 5-day track forecasts for Humberto initialized at 0000 UTC 15 Sep 2019 from
HAFS-globalnest (red), HAFS-SAR (light blue), operational HWRF (purple), operational HMON
(green), and operational GFS (dark blue). (b) As in (a), but initialized at 0600 UTC 15 Sep 2019.

2019 and 1800 UTC 13 September 2019, and the associated pre-
cipitation and vortex structure (both of these cycles correctly kept
Humberto offshore). The P-3 observations are also shown, and
the earlier forecast had a much more asymmetric precipitation

pattern, and weaker vortex. Just 6 h later, the forecast precipita-
tion was still somewhat asymmetric compared to observations,
but a much more symmetric and compact inner core was forecast
to form and closer to reality. Looking at the shear fields in the
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Fi1G. 14. (a) The 120-h 500-hPa height (dam; red) from HAFS-globalnest, initialized at 0000 UTC 15 Sep 2019, and the GFS analysis of
500-hPa height (dam; black) at 0000 UTC 20 Sep 2019. (b) Asin (a), but for HAFS-SAR (light blue). (c) Asin (a), but for operational GFS
(dark blue). (d) 500-hPa height difference (dam; shaded) between the GFS analysis at 0000 UTC 20 Sep 2019 and the 120-h forecast from
HAFS-globalnest. (e) As in (d), but for HAFS-SAR. (f) As in (d), but for the operational GFS.

forecast and analysis (Figs. 9b,d,f), the large-scale shear was sim-
ilar in both forecasts (and the analysis), and the main differences
were the convective-scale symmetry differences seen in the radar
data. Similar precipitation processes were shown in Hazelton et al.
(2020) to be important in the intensification of Hurricane Michael
(2018) in shear. The later forecast peaked with a maximum 10-m
wind of 116kt at 126 h, while the earlier forecast only had a peak
10-m wind of 80kt at the same synoptic time.

The interesting aspect of the evolution of Humberto, later
during its life cycle, was a wind maximum that developed on
the west side of the TC as it accelerated to the northeast. This
asymmetry was somewhat peculiar because it was not on the
southeast side of the TC where it would be expected due to
motion asymmetry. In general, this asymmetry was well fore-
cast by HAFS-globalnest (Figs. 10a—e¢), especially at 072 h and
shorter lead times, but the operational GFS generally missed
the magnitude of the asymmetric wind maximum (Figs. 10f-h).
The structure of the wind maximum, as well as the position
of Humberto in the right-entrance region of a jet streak,
suggest the presence intrusion described as a ‘‘sting jet”
(e.g., Browning and Field 2004; Stewart 2020). Taking a
closer look at some of the relevant variables, including rel-
ative humidity and reflectivity (Fig. 11) show that the wind
maximum was indeed collocated with a ““comma head” of
reflectivity in a region of high RH gradient where evapo-
rative cooling would be maximized. Figures 11d and 11e,
which are cross sections along the large-scale shear vector,
illustrate the low-level inflow and drying originating on the up-
shear side and reaching lower levels just upshear (southwest)
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of the TC center. This region near the “‘comma head” was
also associated with significant midlevel drying and low-level
subsidence (Fig. 12) bringing strong winds toward the surface.
The evaporative sinking and banded structure are consistent
with the sting jet structure described in Browning and Field
(2004). This wind maximum allowed the storm to maintain
major hurricane intensity despite strong shear and the be-
ginning of extratropical transition (ET), and the TC produced
wind gusts over 100kt (S1ms™!) on Bermuda around this
time (Stewart 2020).

One other key aspect of Hurricane Humberto is that it
was one of the cases where there were some major track
forecast differences between HAFS-globalnest and HAFS-
SAR. HAFS-globalnest produced markedly better track
forecasts (Fig. 8) for this case. Looking at some of the indi-
vidual track forecasts (Fig. 13), there were a few cycles where
both configurations of HAFS were showing Humberto
curving back toward the northwest toward the United
States. This was especially pronounced in HAFS-SAR, and
was not seen in any of the other operational or experi-
mental guidance, although a few operational ensemble
members (not shown) did hint at this possibility. This is one
case where the R34 high bias in HAFS [which was over
30nmi (1 nmi = 1.852km) larger for this case than the bias
in HWRF/HMON] may have contributed to excessive in-
teraction with synoptic features to the northwest of the TC.
The observed storm continued northeast without any such
bend back to the northwest, leading to large longer-term
track errors. These errors occurred in the outside the box
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F1G. 15. (a) All HAFS-globalnest track forecasts for Dorian. The black line represents best track. (b) Asin (a), but for operational GFS.
(c) All HAFS-globalnest intensity forecast for Dorian. The black line represents best track. The dashed black lines show the period where
Dorian was stalling in the Bahamas. (d) As in (c), but for operational HWRF.

region fairly close to the northern boundary of the nest.
The synoptic evolution along this region was more realistic
in this case for HAFS-globalnest with two-way feedback
than HAFS-SAR with one-way feedback (Fig. 14). In HAFS-
globalnest, the cutoff low interacting with Humberto stayed
separate to the west as was observed (although they did get
closer than in reality). In HAFS-SAR, the cutoff low ap-
peared to phase with Humberto, swinging it unrealistically to
the northwest. HAFS-globalnest also had the smallest error
(compared with the analysis) in the ridge to the northeast of
Humberto, while the operational GFS and HAFS-SAR (which
received boundary conditions from the GFS) had too much
ridging in this area, promoting an unrealistically amplified flow.
This improved interaction in HAFS-globalnest led to the more
realistic track forecast for this case.

2) HURRICANE DORIAN

Hurricane Dorian was one of the most impactful tropical
cyclones of the 2019 Atlantic season, devastating the
Bahamas as a category-5 hurricane and also making landfall
in Cape Hatteras, North Carolina, as a category-1 hurricane
(Fig. 15). The track forecasts showed the adjustment from
initial forecasts bringing the storm through the Greater
Antilles to a more rightward track into the Western
Atlantic. Later on, most HAFS-globalnest forecasts were
consistently showing the storm staying east of Florida
(Fig. 15a) and turning north in the Bahamas, which turned
out to be the correct forecast. This was in sharp contrast to
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the operational GFS (Fig. 15b), which more consistently
predicted a Florida landfall. The intensity forecasts gen-
erally showed steady intensification (Fig. 15c¢), although
most missed the initial deepening rate, and none captured
the 160-kt peak. After the peak, there was a slight high bias
as Dorian stalled in the Bahamas (indicated by the dashed
black lines in Figs. 15¢ and 14d).

To highlight the difference in tracks between HAFS-globalnest
(and HAFS-SAR) and the other GFS-based guidance for Dorian,
two forecasts are shown (Fig. 16): one initialized at 0000 UTC
29 August 2019 and one initialized at 0000 UTC 30 August 2019.
In both of these forecasts, GFS, HWRF, and HMON all showed
Dorian making landfall along the East Coast of Florida, while
HAFS-globalnest (and HAFS-SAR) was able to show the
slower motion and turn to the north in the Bahamas. This dif-
ference was consistent over multiple forecasts in this period.

In the real-time operations, one of the biggest issues for
Dorian was track forecasts in the eastern Caribbean. Early
forecasts showed the storm would stay weak and pass near or
over Puerto Rico and/or Hispaniola. In reality, the center
redeveloped farther northeast (National Hurricane Center
2019a), and the observed track was outside the track forecast
spread of operational and experimental guidance (determin-
istic and ensemble). There were some hints in these real-time
HAFS-globalnest forecasts of the importance of the develop-
ment of a small-scale core to the track and intensity forecasts
during this period, as illustrated in the precipitation and wind
structure in a Dorian forecast initialized at 0000 UTC
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FIG. 16. (a) The 5-day track forecasts for Dorian initialized at 0000 UTC 29
Aug 2019 from HAFS-globalnest (red), HAFS-SAR (light blue), operational
HWREF (purple), operational HMON (green), and operational GFS (dark blue).
(b) As in (a), but initialized at 0000 UTC 30 Aug 2019.
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FI1G. 17. (a) (left) The 750-hPa reflectivity (shaded) and wind (kt) from the HAFS-globalnest forecast initialized at
1800 UTC 26 Aug 2019 for Dorian. (right) The 750-hPa wind (shaded; kt), with 750-hPa streamlines (black) and 450-
hPa streamlines (gray) overlaid. The shear vector is shown in blue in both images. (b) (left) NOAA P-3 observed 2-km
reflectivity (shaded) and wind (kt). (right) NOAA P-3 observed 2-km wind (shaded; kt), with 2-km streamlines (black)
and 5-km streamlines (gray) overlaid. The shear vector is shown in blue (green for the observed) on the right.

27 August 2019 (Fig. 17). The equivalent observed data are also
shown, from the merged analysis from the NOAA P-3 flight
into Dorian around this time. In this forecast, the core pre-
cipitation, although confined to a small area, is more sym-
metric. In addition, a small, strong core of winds is evident.
This forecast matched the observed structure of Dorian,
which also showed a small but robust core. The degree to
which the prediction of this early inner-core evolution deter-
mined the long-term fate of Dorian is an important question,
beyond the scope of this paper, which is being examined in a
follow-up study using an ensemble of HAFS forecasts initial-
ized at the time mentioned above.

3) HURRICANE LORENZO

Hurricane Lorenzo was the third major hurricane of the 2019
Atlantic hurricane season. It became a category-5 hurricane
farther to the north and east than any other storm in the
Atlantic on record (National Hurricane Center 2019b). The
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track forecasts were generally consistent with the observed
track, showing the turn to the north over the eastern Atlantic
(Fig. 18). There were a few cases with a left bias initially, but
the rest of the forecasts showed a correct timing and speed of
the recurve. For intensity, HAFS-globalnest correctly pre-
dicted the initial intensification into a major hurricane (al-
though the peak was slightly underestimated). The later
intensity forecasts had some issues, however. HAFS-globalnest
generally showed a long period of near-steady intensity or slow
intensification before eventual decay. However, what really
occurred was a secondary peak at category-5 intensity, followed
by a precipitous decline in maximum wind speed. Comparison
with observations (Fig. 19) shows that the wind field of Lorenzo
was correctly predicted to be broad by HAFS-globalnest, but the
peak wind was too strong. HAFS-globalnest had a strong inner
wind maximum around r = 30n mi, while the broader wind
maximum in observations was around » = 50 n mi. The degree to
which this was a function of HAFS-globalnest missing inner-core
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FIG. 18. (a) All HAFS-globalnest track forecasts for Lorenzo.
The black line represents best track. (b) All HAFS-globalnest in-
tensity forecast for Lorenzo.

processes (like an eyewall replacement cycle) versus other
processes (like ocean cooling) is something that would be in-
teresting to explore in further work, ideally with a fully coupled
version of HAFS-globalnest.

4. Conclusions

Real-time forecast results from HAFS-globalnest from the
2019 Atlantic hurricane season show promising forecast skill in
track and intensity. The track forecasts from HAFS-globalnest
were better than most operational guidance, including GFS
and HWREF, out to day 5. At longer lead times (day 7 espe-
cially), however, the operational GFS performed slightly bet-
ter. The two configurations of HAFS (HAFS-globalnest and
HAFS-SAR) were similar overall, but for some of the cases
near the nest edges, HAFS-globalnest, with two-way feedback,
showed a better track forecast. For intensity, HAFS-globalnest
was slightly worse than HWRF and HMON at early leads,
but performed similarly at longer leads. The intensity error
was smaller than the operational GFS at all lead times, and
the significant negative intensity bias of the operational GFS
was reduced in HAFS-globalnest. The value of the high-
resolution nest for intensity prediction is obvious as others
also suggested. For TC structure, there was generally little
bias for 64- and 50-kt winds, but the radius of 34-kt winds
had a significant high bias. Further inspection and investigation
of this issue, and possible solutions (including dynamics and
surface/PBL physics), is a subject of ongoing efforts. Rapid
intensification results show that HAFS-globalnest, like other
hurricane models, struggles to predict RI.
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A closer look at a few of the more high-profile and/or
challenging Atlantic cases from 2019 illustrates both the
strengths of HAFS-globalnest as well as opportunities for
further improvement. Hurricane Humberto’s track was gen-
erally well-predicted by HAFS-globalnest after the model was
able to pick up on the storm staying east of Florida. Earlier
forecasts over land suffered from a low bias in intensity. The
model correctly forecast some unique structural features of
Humberto, including a “‘sting jet” leading to strong winds in-
trusion as the storm underwent ET near Bermuda. Also,
Humberto was one of the cases near the nest edge of HAFS-
SAR where HAFS-globalnest had better track forecasts than
HAFS-SAR, showing less of a turn back toward the northwest.
Further detailed examination of this case could be useful for
understanding the differences in different nesting approaches.
Hurricane Lorenzo demonstrated the capability of HAFS-
globalnest to correctly predict intensification in some scenar-
ios, although it did not capture some temporal evolution, such
as the secondary peak in intensity. The track forecasts for
Lorenzo were also able to capture the correct location and
speed of the turn to the north over the Central Atlantic. As a
whole, the case studies show that HAFS-globalnest shows
promising forecast skill of TC track and the large-scale envi-
ronment, and is also capable of predicting small-scale structure
and intensity changes, although more work is needed to im-
prove the consistency of these forecasts.

5. Future work

HAFS development is an ongoing effort under collaboration
among AOML, NCEP/EMC, GFDL, and other NOAA or-
ganizations and universities. Several upgrades are planned to
HAFS-globalnest in the near future, many of which are already
ongoing. The bias in R34 (with the storms being too large in
HAFS-globalnest) motivates more careful examination of
several aspects of the model, including boundary layer and
surface physics, to see their role in this persistent bias. The size
bias will also be examined above the surface through different
metrics, to determine how robust this bias is. Also, as was noted
in the case study of Hurricane Dorian, a skillful data assimi-
lation system to allow for accurate initialization of the TC inner
core region (without any artificial procedures like vortex
bogusing) is under development, which will lead to improve-
ments in both structure and intensity prediction. For both
Dorian and Lorenzo, HAFS-globalnest was able to capture
some intensification, but missed the category-5 intensity peak.
Further work is needed to improve resolution and model
physics to improve storm structure, resolve extreme winds, and
improve predictability of rapid intensification. Also, as dif-
ferent grid and nesting strategies are explored in HAFS-
globalnest, the importance of two-way feedback for correctly
predicting storm-to-storm and storm-environment interac-
tions, both of which can affect track forecasts, will be an im-
portant topic for future study. For storms like Dorian, this will
allow for the exploration of questions such as what is the de-
gree to which there was a feedback between the track, struc-
ture, and intensity (i.e., which caused which?), and how can this
be probed further using high-resolution HAFS experiments?
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FI1G. 19. (a) (left) The 750-hPa reflectivity (shaded) and wind (kt) from the HAFS-globalnest forecast initialized
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overlaid. The shear vector is shown in green on the right.
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In addition, the two-way feedback will be evaluated through its
impact on large-scale verification metrics such as the 500-hPa
anomaly correlation. This is a subject of ongoing investigation.
Finally, since HAFS-globalnest can be run regardless of
whether there are active TCs or areas of interest, a detailed
exploration of the skill of the model in TC genesis forecasts will
be another area of study.
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